The aim of the present study was to measure various mechanical properties of acrylic denture base resins, including flexural modulus, flexural strength, fracture toughness, Barcol and Vickers hardness and their related properties, and to investigate correlations between different mechanical properties. Resin specimens were prepared according to manufacturers' recommended instructions. The mechanical properties were measured under specified standards. Data from the mechanical tests were examined using correlation tests. In general, the mean results for mechanical properties of each specimen group were differently ranked depending on the tested mechanical property. The flexural modulus value showed strong or reasonable positive correlation with those of proportional limit, flexural strength, and surface hardness. In contrast, fracture toughness revealed strong negative correlations with the flexural parameters and hardness values. Results of correlation tests for the different parameters can be used for estimation of mechanical performance of acrylic denture bases in clinical situation and for quality control purposes.
INTRODUCTION
High mechanical property is one of the most important prerequisites for successful denture base materials of edentulous patients. However, many clinical studies including recent reports on the fracture of dentures during service indicated that mechanical properties of polymethyl methacrylate (PMMA) are not satisfactory in terms of longevity of the denture base [1] [2] [3] [4] [5] . Numerous attempts have been reported to improve the mechanical properties of the acrylic materials, but most of them were not transferred in clinical dentistry due to processing difficulties and high cost 6) . Thus, PMMA resins, with some modifications have been commonly used for fabrication of denture base.
Fracture of denture base could be affected by multiple factors, such as ill-fitting, anatomical notches, and lack of adequate design 6) . In these situations, denture bases are loaded under flexure fatigue or impact and finally fractured when exceeding the maximum mechanical capacity of material. The most common method of measuring flexural properties of denture base is the three-point flexural (transverse) test, adopted by international standards for polymer materials, including ISO 1567:1999, Dentistry-Denture base polymers 7) . This specification for flexural test has been used in many studies to compare flexural strength, proportional limit, flexural modulus, and fracture energy of various denture base materials [8] [9] [10] [11] [12] [13] [14] [15] [16] . Other frequently used methods for comparing mechanical performance of denture base resins are fracture toughness and the impact test [17] [18] [19] [20] [21] . Fracture of materials always occurs by initiation and propagation of cracks. The inherent resistance against cracks propagation can be measured by plain strain fracture mechanics. Based on this mechanical approach, singleedge-notch bending (SENB) and compaction tension (CT) tests were designed to determine the critical stress intensity factor at fracture initiation, i.e. the fracture toughness (KIc) of polymeric materials 22) . Several studies have reported the fracture toughness of denture base resins using the SENB, rather than CT test, because SENB specimens are easier to make 19, 21) . The hardness test has been considered as simple and useful method to assess mechanical property for polymeric materials because it is very sensitive of monomer content of dental polymers 23, 24) . Also, hardness has been known to correlate with mechanical properties for many metals such as tensile strength 25) . For denture base acrylics, Vickers hardness measurement has been used to investigate changes in the surface physical property after long-term immersion in water or disinfection solution 15, 26, 27) . As mentioned above, multiple factors can cause the fracture of denture. Therefore, clinical performance of dental materials cannot be sufficiently evaluated only with one or two specific mechanical tests. If materials were tested by more than two different methods, correlation between the mechanical properties can be expected from the data, which might be helpful to understand the interactions between mechanical behaviors. Furthermore, it could be useful to estimate another material property from the data and to save the costs related to measurement of the mechanical properties. To date, mechanical properties of acrylic denture base resins have been reported in numerous studies 28) . However, there was little focus on the association between mechanical properties of the denture base resin. In the present study, various mechanical properties of commercial acrylic denture base resins, including flexural properties, fracture toughness, hardness, and their related properties were investigated. Moreover, correlations between the different mechanical properties were examined, with review of results from previous reports.
MATERIALS AND METHODS
The acrylic denture base materials investigated in this study are shown in Table 1 . To fabricate specimens for mechanical test, baseplate wax blocks adequately sized to the respective specimens were invested in gypsum mold. Then resin packing and polymerization were conducted with the same procedure employed to fabricate denture bases according to the respective manufacturer recommendations. The details are described in our previous study 29) , but some code names were changed.
Flexural test
For flexure test, resin specimens with nominal size 64×(10±0.2)×(3.3±0.2) mm were fabricated from each material. The surfaces of specimens were polished on the rotational grinding machine (LaboPol-5, Struers, Ballerup, Denmark) with 1000-grit size SiC paper (Struers) under water supply, followed by smoothening of the edges. Specimen height and width were measured and averaged at three places with an accuracy of 0.01 mm using digital calipers (Mitutoyo, Kawasaki, Japan). Six specimens were prepared for each material and stored in distilled water at 37ºC for seven days before testing. Three-point flexure testing was performed in a water bath circulating 37ºC distilled water using the universal testing machine (Instron 8871, Instron, MA, USA) (Fig. 1) . The span distance between two supports was 50 mm and the diameter of loading and supporting plunger was 5 mm. Specimens were loaded at a constant crosshead speed of 5 mm/min and the force and displacement were recorded on the crossed-loop PC software (Bluhill 2, Instron), resulted in the flexure stress-strain curve (Fig. 2) . Flexure modulus line was automatically constructed form the linear portion of the stress-strain curve using the software algorithm for E-modulus 30) . The flexural modulus (E) was determined from the constructed line using the following equation:
where L is the length of support span (mm), m is the slope of the modulus line (N/mm), b is the width of specimen (mm), and d is the height of specimen (mm). Flexure stress () for any point on the load-deflection was calculated, as follows:
where P is the load (N) at a given point, and L, b, d are the same as for above equation. An offset yield point was determined at 0.05% flexure strain (0.0005 mm/mm) from the modulus line of stress-strain curve. The 0.05% proof strength was considered as proportional limit (pl) to allow minimum and uniform deflection of specimens ( Fig. 2 ). Flexural strength (f) of specimens was determined at the maximum load, because the break points of the two groups exceeded the maximum load as shown in the flexure stress-strain curves. According to ASTM D790, the flexural strength of specimens for deflection (>5 mm) in excess of 10% of the supporting span was corrected with the following formula:
, where , L, d are the same as for above equations, and D is the deflection of specimen 10, 31) . Thus, the corrected flexural strength (fc) was reported for groups IVO, LUC, VMK and VFC. The flexure stress and deflection data of the specimen at given points were retrieved using the Bluehill computer program. The total energy (U) required for flexural fracture, which is obtained from the area under the loaddefection curve, was divided by the cross-sectioned area of the specimen, resulting in the work of fracture, as follows: WOFf (kJ/m 2 )=U/(bd) 32) .
Fracture toughness test
Fracture toughness was measured by a single-edge notched beam test, following the standard ASTM D5045-99 22) . Six specimens for each group were prepared with the size of 40×8×4 mm using the same materials and processing with flexure specimens. Initial notch 3-mm deep was prepared by cutting with a 0.4-mm diamond blade (Strues, Denmark) and further sharpened by a razor blade. After storage in 37ºC distilled water for seven days, the specimens were loaded on the testing machine (Instron 3344) with a 3-point flexure configuration (32-mm support span), at a constant crosshead speed of 1 mm/min. The fracture toughness was calculated with the following equation: where Pmax is the maximum load, B is the specimen thickness, W is the specimen width, and f (x) is a geometrical factor depending on the ratio of crack length (a) to specimen width (W). After testing, the crack length (a), was determined by averaging the measurements at three different positions using an optical microscope (SMZ-1500, Nikon, Tokyo, Japan). To calculate the work of fracture (WOFt) of KIc specimens, the total energy (U) required to initiate fracture of the specimen was divided by twice the fracture surface area, as follows; WOFt (kJ/ m 2 )=U/(2B(W−a)) 19, 21) .
Hardness measurements
After flexure testing, the fractured specimens were used to measure the surface hardness with Vickers and Barcol hardness testers. The specimens were further polished using 2400-grit SiC paper and finally finished with a polishing compound (Hi-Rouge, Micro-Tech, Tokyo, Japan 25) . Barcol hardness was measured using the digital Barcol hardness tester (HHP-2001, Bareiss, Oberdischingen, Germany) equipped with a truncated cone tip made from hardened steel with flat-end 26º in angle and 0.157 mm in diameter. The Barcol hardness unit (BU; 0-100) was determined from the resistance to penetration by the metal tip from the surface up to 0.76 mm under pressure of 70-90 N. Four Vickers indentions and Barcol readings were obtained for each specimen of six groups, respectively.
Statistical analysis
Data for each mechanical property were analyzed to compare statistical difference using one-way analysis of variance (ANOVA) with Student-Newman-Keuls post-hoc multiple comparisons test at =0.05. In order to investigate the association between different mechanical properties, data measured by flexural test and hardness tests of all specimens were examined using the Pearson's correlation test (n=36). Mean results of the flexural and fracture toughness properties for six resin groups was examined using the Spearman's rank correlation test (n=6). All statistical analyses were conducted using SPSS software version 14.0K (SPSS Korea, Seoul, Korea).
RESULTS
Typical flexure stress-to-strain curves and mean deflection data for each material are presented in Fig. 2 and Fig. 3 . The deflection values at proportional limit (PL) showed statistical similarity among groups, except for VMK. However, IVO showed the highest value in the total deflection before fracture, followed by LUC, VMK and VFC, PER and VSC.
Flexure strength and related properties of six resin groups were summarized in Table 2 . Overall, mean results of specimen group were differently ranked depending on the mechanical property tested. Results of one-way ANOVA showed highly significant differences between groups for mechanical properties measured in this study (p<0.0001). Flexural modulus (FM) and proportional limit (PL, pl) of VFC was significantly Fig. 3 Mean specimen deflection at each stress point. Table 4 . It is important to discriminate positive or negative correlations between mechanical properties. The FM value of specimens showed highly positive correlations with those of PL, FS, and with two hardness values (BH and HVs), but negative correlation with WOFf value (Fig. 4) . WOFf revealed moderate or high negative correlation with all the other properties. The FSc of specimens was not considered in the Table 5 . While mean FT was highly correlated with the works of fracture value (WOFt), these parameters showed negative correlations with the mean flexural properties and hardness values.
DISCUSSION
Flexural properties, fracture toughness, surface hardness and their mechanical related properties for one chemical-curing resin, two high-impact resins, and one typical heat-curing resin processed by three different methods were investigated and some correlations between the mechanical properties were examined in this study. The flexural stress-strain curves and their deflection data were clearly different, indicating dissimilarity in mechanical behavior of denture base materials depending on the kind of material and even on the different processing methods (Fig. 2) . The flexural test was carried out in the water bath maintained at 37°C to simulate oral condition according to the specification for denture base polymers ISO 1567:1999.
The mean values of flexural properties tested were ranged from 1.7 GPa to 2.5 GPa for flexural modulus (FM) and from 64 MPa to 80 MPa for flexural strength (FS) ( Table 2 ). Since flexural strength of polymers is very sensitive to the testing procedure, such as amount of deflection or specimen dimensions, direct comparison between the results of this study and those of previous reports should be cautious 10) . However, in general the flexural strength and modulus results of the present study are similar with those of previous reports that tested in water bath 10, [33] [34] [35] , whereas, particularly for IVO and LUC, they are slightly lower than those of other previous reports tested in air or unknown condition 13, 20, 36, 37) . Our results support findings from the earlier report showing that the breaking load and deflection of acrylic resins tested in 37°C water medium were lower than those tested in air 8) . The proportional limit (PL) of denture base has been considered clinically significant in term of resistance of permanent deformation 38) . Although there is no definitive current method to determine PL, it has been measured by manual reading to evaluate the flexural properties of various denture base materials 12, 16, 37, 39) . However, it would be impractical to read the PL point in the deflection-load plot, because acrylic resins start to deform at low stresses, so that there can be little strait-line 28) .
For this reason, in this study, the PL was calculated at a pre-determined minimal deflection point (0.05% strain) to prevent certain errors from manual reading. The results of Pearson's test showed a high positive correlation coefficient (r=0.90) between FM and PL (Fig.  4) . This result is reasonable because equations for the flexural properties can be more valid when specimens deflect very small quantity and under proportional relation between the stress and the strain 10) . The high correlation between FM and PL can be found in the data of Hamanaka et al. (2011) , reporting mechanical properties of thermoplastic denture base resins 16) . When the span-to-depth ratios are higher than 16:1 and deflections will be in excess of 10% of the support span, the actual flexural strength of polymer specimens can be estimated by the correction factor of ASTM D790 31) . The corrected flexural strength (FSc) of IVO and LUC showing large deflection (>5 mm) was significantly higher than their uncorrected values. Specimen deflection during the flexural test is depending on the thickness and type of materials 10, 13) . Thus, this factor should be considered when comparing the actual flexure strength of various materials.
The results of Pearson's test showed high positive correlations between the flexural modulus (FM), proportional limit (PL), and flexural strength (FM) (Fig.  4 and Table 4 ). The relationship between FM-FS (r=0.75) and PL-FS (r=0.73) resulted in somewhat higher correlation coefficients, although it was slightly lower than that of FM-PL. These results were supported by the same link in literature data 14, 33, 34, 40) . However, this should be interpreted with caution, because other previous studies showed poor correlation in mean FM-FS data of denture base materials 11, 13) . However, for PL-FS association, a previous study reported higher positive correlation coefficient (r=0.94) in one denture base resin with relining materials 14) . The WOFf obtained from the flexural test was negatively correlated with all the other investigated properties, indicating similar behavior with toughness of materials.
Although determination of fracture toughness is sensitive to specimen geometry and loading condition, it provides two mechanical parameters: fracture toughness (FT), relating to the sensitivity of crack initiation and work of fracture (WOFt), relating to the resistance to crack propagation 19, 22) . Spearman's rank correlation test on mean results between FT/WOFt and the other mechanical properties including hardness values showed significant negative correlation coefficients (Table 5 ). In particular, the links FT-FS and WOFf-FM/PL revealed strong negative correlation (r=−0.94). These results suggest that the mechanical performance of denture base polymers should not be characterized only by flexural test or fracture toughness test. Unfortunately, there has been no previous study simultaneously investigating the flexural strength and fracture toughness of denture resins.
Results of Barcol and Vickers hardness tests revealed high positive correlations with the flexural mechanical properties, but negative correlation with fracture toughness (Tables 4 and 5 ). Barcol hardness showed higher correlation coefficient with EM than with PL or FS, possibly due to its penetrating procedure the resins. However, HV0.3 showed better correlation coefficients than BH, whereas difference in indentation load provided no significant insight. In the literature, mean Vickers hardness number with an indentation load of 300 gf for three denture base materials showed strong positive correlation with the EM and FS values 40) . These results demonstrated that surface hardness test is very useful to predict mechanical properties of denture base resins.
Another popular method to evaluate the fracture resistance of denture base is the impact test, which is not included in the present study. Results of impact test have been frequently compared with flexural properties and fracture toughness in many previous reports. However, it was found that there are poor correlations between impact test and flexural strength or flexure modulus result 9, 11, 13, 33) . Zappini et al. demonstrated that results of impact tests showed only moderate correlation with fracture toughness 19) . They suggested that fracture toughness test would be more reliable than impact tests to determine properties of denture resins.
As mentioned above, sensitivity of mechanical properties of polymers due to testing procedure may limit interpretation of our results. However, the reported high correlation between different parameters tested in this study can be used for estimation of mechanical performance of acrylic denture bases in clinical situation and for quality control purposes.
CONCLUSION
Mechanical properties of several acrylic denture base resins were measured under standard specification, and correlations between different mechanical properties were examined. Overall, the mean results for mechanical properties of each specimen group were differently ranked, depending on the tested mechanical property. Thus, flexural modulus showed either strong or reasonable positive correlation with those of proportional limit and flexural strength. In contrast, fracture toughness revealed strong negative correlations with the flexural parameters. The surface hardness was also positively correlated with the flexural parameters and negatively correlated with fracture toughness.
